Athermal silica-based interferometer-type planar light-wave circuits were realized by a newly developed multicore fabrication method. In this method, inductively coupled plasma-enhanced chemical-vapor deposition and polishing technologies are adopted on a silica substrate with a trench-type waveguide pattern prepared by reactive ion etching. Two kinds of deposited core material, 10GeO 2 90SiO 2 (mol. %) and 8GeO 2 5B 2 O 3 87SiO 2 (mol. %), which show wavelength temperature dependence of 9.7 and 8.1 pm͞ ± C, respectively, were used to prepare the waveguide sections in a device. By adjustment of the lengths of waveguide sections with these two different core materials, athermal characteristics of less than 0.5 pm͞ ± C were achieved for Mach -Zehnder interferometer filter devices at the 1.55-mm wavelength range while the temperature varied from 220 to 80 ± C. The new method is also applicable for the preparation of many other kinds of functional devices.
Recently there has been growth in the demand for improved functional optical devices, especially for use in dense wavelength-division multiplexing systems. In PLC functional devices such as array waveguide gratings and Mach -Zehnder interferometers (MZ-Is), light-interference phenomena are essential in waveguides with a designed optical path length difference. However, the optical path length shows temperature dependence caused by thermal refractive-index change and thermal expansion of the devices. Therefore the athermal property is important for the practical use of these devices. In current technology, Peltier elements or heaters are used for precise temperature control, which increases both the volume and the cost of the entire device. Many studies are now being carried out to reduce temperature sensitivity without temperature control, as in, for example, athermal waveguides with polymer cladding, but this technology has low reliability because of the low thermal stability of polymer materials. 1 It was proposed recently that replacing certain regions of the core and cladding with polymer materials that have negative temperature dependence can greatly improve the thermal stabilization of a functional device. 2, 3 In such a device, the optical path length change between the different core materials is canceled, but this partial substitution method is rather complicated and has high propagation loss because there is no waveguide structure in the substituted area. It has also been reported that the temperature dependence of Ge SiO 2 waveguides can be reduced from 11 to 4 pm͞ ± C by use of B codoping and the thermal-expansion coefficient effect of the substrate. 4 However, this method has not yielded a practical temperature-insensitive waveguide.
In this Letter, by realization of multicore material in the same substrate, a new and useful PLC fabrication method is presented. By this method, MZ-Is were made to conf irm the material's athermal characteristics. To the best of our knowledge, this is the smallest temperature dependence of a silica-based light-wave circuit that has been described.
In our study we made a trench-type structure instead of the conventional ridge type for waveguides. Figure 1 (a) shows the formation of trench-type waveguides for a PLC device with only one kind of core material. First, trenches with designed waveguide patterns were directly formed within Cr masked (300 nm) silica substrate (Asahi AQ, 1-mm thickness) by selective plasma etching (Samco RIE-200ipc). CHF 3 and C 3 F 8 were used as etching gases under a process pressure of 0.4 Pa. We then removed the Cr mask by O 2 plasma etching, using the same system. Ge SiO 2 or Ge B SiO 2 film was deposited by inductively coupled plasma chemical-vapor deposition device (Samco PD-160ip). Tetraethoxysilane, tetramethoxygermane, and triethoxyborane were used as the source materials for SiO 2 , GeO 2 , and B 2 O 3 growth, respectively. Details of the experimental conditions were described in Ref. 5 . Trench gap-filling results were observed by scanning electron microscopy. The refractive indices of the films were checked with a prism coupler. We could control the refractive indices by adjusting the Si, Ge, and B content in the f ilms. We then annealed the samples at 1000 ± C in atmosphere for 2 h after deposition to stabilize the refractive indices of the core materials. The core materials outside the trenches were removed by planar surface polishing (Nanofactor NF300) with an accuracy of 60.2 mm. The trenches were overcladded by use of another silica glass substrate by perfect optical contact followed by 1000 ± C thermal bonding. The polished surface was smooth enough to be applied to this cladding method. As a result, buried waveguides with symmetrical structure that might reduce the polarization-dependent loss were obtained in a very short time and with low cost.
We applied this method to form waveguides with different core materials because the trenches made it possible to keep the waveguide structure during deposition of different core materials. As shown in Fig. 1(b) , certain areas of the trenches were covered during the first core material deposition. The cover technique should be a lift-off process that uses a certain material such as a photoresist. Since we were short of good photoresist material, we used a sharp-edged glass chip with desired length in our process instead. The trenches that were not covered were filled with the f irst core material. The cover was then removed. The second core material was deposited again to f ill the trenches, which were previously covered. We polished the samples to remove the films outside the trenches after the annealing process, and cladding material was applied similarly to one core material case.
We prepared MZ-I f ilters to test the temperature dependence of interferometer-type PLC devices. The MZ-I filters were designed with double-directional 3-dB couplers at around 1.55 mm, as shown in Fig. 2 . The core dimension was 7.5 mm, and the corresponding refractive index of the core was 1.4632 at 0.6328 mm. The two light paths had a geometric length difference of DL ഠ 1 mm, resulting in a passband pitch of 200 GHz (1.6 nm). First, the devices were made with only one kind of core material by the method shown in Fig. 1(a) . Silica-based materials with different doping ratios of Ge (8-10 mol. %) and B (1-5 mol. %) were used to test the wavelength temperature dependence ͑dl͞dT ͒ of the device with one core material. Then, we prepared the devices with two kinds of core material selected from the results to test the dl͞dT characteristics.
The device characteristics were measured with a tunable laser source (Agilent 81689 A) with the wavelength range 1.525 1.575 mm and a power sensor (Agilent 81634 A). The temperature of the MZ-I filter was controlled to be 220, 0, 30, 51, and 80 ± C by a temperature chamber (Yamato IW 241) during measurement.
We calculated dl͞dT of the filter device as the passband peak shift with temperature change.
In Table 1 we show dl͞dT of the MZ-I with one core material in the temperature range 20-80 ± C. GeO 2 and B 2 O 3 doping to core materials can effectively change the refractive index and dl͞dT ; our data also show that the refractive index decreases from 1.4640 to 1.4632 and dl͞dT decreases from 9.5 to 8.1 pm͞ ± C when the B 2 O 3 concentration increases from 0 to 5 mol. %, and the GeO 2 concentration remains at 8 mol. %. The lowest optical propagation loss of our MZ-I device was ϳ0.1 dB͞cm at 1550 nm. The loss value of 1.53 dB͞cm in Table 1 might have been caused by particle contamination in the waveguides during the fabrication process, which can be reduced by sample cleaning technology.
From the results summarized in Table 1 , two compositions, 8GeO 2 5B 2 O 3 87SiO 2 and 10GeO 2 90SiO 2 , were chosen to be core materials 1 and 2, respectively. These materials were used to prepare the multicore MZ-I f ilters as shown in the design in Fig. 2 . The filters prepared with these materials show significantly different dl͞dT of 8.1 and 9.7 pm͞ ± C, as shown in Figs. 3(a) and 3(b) , which correspond to refractive-index temperature dependences of dn 1 ͞dT and dn 2 ͞dT , respectively. The reason we chose 8GeO 2 5B 2 O 3 87SiO 2 as core material 1 is that its refractive index, 1.4632, is close to the designed refractive-index value at the coupling area. For the devices consisting of two different core material sections with different values of dn 1 ͞dT and dn 2 ͞dT and with a certain relationship between their lengths, the athermal condition 2, 6 is
L 2 is the geometric length of core material 2 ͑10GeO 2 90SiO 2 ͒. Although each core material's optical path length varies with temperature, the effects of the varying optical path lengths can be canceled between the different core materials by choice of a suitable length L 2 ; thus the output of the device is independent of the temperature. Because the substituted region of core material 2 still has a waveguide structure, we can adjust L 2 without worrying that it will generate extra propagation loss. We tried different L 2 from 7.6 to 17 mm, and different values of dl͞dT from 3.75 to 22.85 pm͞ ± C with temperature from 220 to 80 ± C were obtained, as shown in Table 2 . The theoretically estimated values of dl͞dT with different L 2 , also listed for comparison, agree fairly well with the experimental results. Our best athermal result for the prepared MZ-I f ilter shows dl͞dT of 0.5 pm͞ ± C when L 2 ഠ 15 mm [ Fig. 4(a) ], which is small enough even for the 50-GHz pitch filters. The measured 3-dB bandwidth of 1.6 nm is close to the designed channel separation. By increasing L 2 to 17 mm, we could obtain even a negative value of 22.85 pm͞ ± C for dl͞dT [ Fig. 4(b) ], which shows that it is possible for us to control dl͞dT from positive to negative value for different functional purpose. The relatively high propagation losses in Fig. 4(a) were proved to be excess loss ͑ϳ5 dB͒ at the interface between different core materials. The excess loss can be reduced to be negligible by optimization of the fabrication technology as shown in Fig. 4(b) .
We have successfully obtained an athermal MZ-I filter by use of a newly developed multicore fabrication method. Wavelength temperature dependence ͑dl͞dT ͒ of 0.5 pm͞ ± C was obtained for the MZ-I with buried silica-based waveguides consisting of two different core materials, 8GeO 2 5B 2 O 3 87SiO 2 and 10GeO 2 90SiO 2 , in the temperature range 220 80 ± C. This multicore PLC fabrication method also makes it possible for other optical devices that use an interferometer, such as arrayed waveguide gratings, to be athermal. Furthermore, this method is applicable for realization of many kinds of functional device such as erbium-doped waveguide amplif iers and optical switches by selection of functional core materials in a PLC device.
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